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Abstract 
A novel class of photocatalytic coating capable of degrading bacterial and chemical contaminants in the 
presence of visible sunlight wavelengths was produced by depositing a stable photocatalytic TiO2 film on 
the internal lumen of glass bottles via a sol gel method. This coating was prepared in either undoped form 
or doped with nitrogen and/or copper to produce visible light-active TiO2 films which were annealed at 600 
°C and were characterized by Raman, UV-Vis, and X-ray photoelectron spectroscopy. The presence of 
doped and undoped TiO2 films was found to accelerate the degradation of methylene blue in the 
presence of natural sunlight, while copper-doped TiO2 films were found to accelerate bacterial inactivation 
(of E. coli and E. faecalis) in the presence of natural sunlight. 
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1. Introduction 
Contaminated drinking water contributes significantly to diarrheal illnesses in developing countries, which 
account for more than two million deaths per year, primarily among children under the age of five [1]. 
Contaminated water may also cause disease in developed countries, particularly among 
immunocompromised individuals [2]. There is thus great interest in affordable technologies capable of 
reducing the risk of waterborne diseases in developed and developing countries, particularly in settings 
where conventional drinking water distribution systems fail to eliminate waterborne pathogens. One 
technology that has found widespread application is solar water disinfection, or SODIS, which uses 
sunlight to inactivate microorganisms [3]. While many trials have demonstrated the efficacy and benefits 
of this technology, there is interest in new innovations that can enhance microbial inactivation while 
degrading chemical contaminants that may be present in drinking water. 
 
Titanium dioxide (TiO2) is a naturally-occurring mineral with optical and electronic properties that make it 
suitable for a range of applications in the areas of photovoltaics, sensors and photocatalysis [4-7]. 
Specifically, anatase-phase TiO2 has a band gap of 3.2 eV, and as a result is capable of absorbing 
photons of ultraviolet light (< 390 nm) to create charge separation in the form of reducing electrons and 
strongly oxidizing “holes,” which can react with water and other species in solution to form hydroxyl 
radicals, superoxide radical anions, and other reactive species [4, 8]. Undoped TiO2 photocatalysts, on 
which much prior research has focused, show relatively high photo-reactivity and self-sterilisation 
properties under ultraviolet (UV) light. However, the development of photocatalysts with high quantum 
yields under visible light (>400 nm) is desired in order to harness the remainder of the solar spectrum to 
efficiently degrade chemical contaminants and inactivate pathogenic microorganisms.  
 
Studies have demonstrated the ability of TiO2 to accelerate the sunlight-mediated inactivation of 
microorganisms [9] and the degradation of organic and inorganic contaminants [10-12]. Studies using 
suspended titania photocatalysts in water have typically demonstrated greater efficacy than studies using 
heterogeneous photocatalysts immobilized on substrates [13]. This may be primarily due to mass transfer 
limitations that reduce the efficacy of immobilized TiO2 photocatalysts in bulk solution [14]. However, 
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suspended catalysts present logistical problems, since they must be removed from solution before the 
treated water can be used. Recent studies have demonstrated that a variety of dopants can modify the 
band gap of titanium dioxide photocatalysts, shifting the photocatalytic activity of the resulting materials 
into the visible range [15-17], while surface-modified and nanocomposite titania preparations exhibit 
similar activity [18]. Recently, it has been reported that the co-doping of metal and non-metal elements 
can result in increased visible light photocatalytic performance. [21] 
 
While many previous studies used powdered TiO2 coatings, such coatings are not transparent and are 
often poorly adhered. Packing bottles with titania-coated supports is also not ideal for SODIS 
applications, because inserts reduce the effective volume and rarely inactivate indicator organisms [13]. 
The ideal configuration would be a transparent, well-adhered TiO2 coating on the inside of a reusable 
bottle, if such a coating could overcome mass transfer limitations. PET bottles are unsuitable, as they 
cannot withstand the high temperatures required to crystallize and sinter TiO2 thin films. By contrast, 
glass is transparent to visible and UVA wavelengths, is thermally stable up to 600 °C (borosilicate), and 
TiO2 adheres to glass surfaces [19].   
 
In this study, we sought to evaluate the ability of thin films of nitrogen- and copper-doped TiO2 to enhance 
the sunlight-mediated degradation of organic compounds and indicator microorganisms in water. 
Previous studies have reported on the applications of titanium dioxide species to the remediation of 
microbial [9] and chemical [10-12] contaminants, and have also characterized the behavior of titania 
particles doped with copper and other transition metals [21]. However, to our knowledge, this is the first 
attempt to characterize the ability of a self-adhered nitrogen- or copper-doped titania thin film to degrade 
chemical and microbial contaminants in water.  
 
2. Materials and Methods 
 
2.1 Materials and Reagents 
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Glass beads, titanium isopropoxide (TIP), acetic acid, methylene blue, and urea were obtained from 
Sigma-Aldrich. Copper nitrate was obtained from BDH Chemicals. Copper chloride and copper sulfate 
were obtained from Fisher Scientific (Pittsburgh, PA). All chemicals were reagent grade and were used 
without further purification.   
 
2.2 Synthesis of TiO2 precasting sols  
 
An undoped titania sol was prepared in clean, dry glassware according to the procedure of Warrier et al. 
using acetic acid, titanium isopropoxide and water [20]. The hydrolysed sol (without modification) was 
used for coating borosilicate glass bottles (Schott) and microscope slides. The corresponding powder was 
obtained by drying the sol at 100 °C for 24 hours. Copper and nitrogen doping of the sols was achieved 
using copper nitrate and urea as dopant precursors [21]. In a typical experiment to produce nitrogen-
doped titania (N-TiO2), Urea (0.177 g) was dissolved in 150 ml of deionised water. This solution was 
added to the TIP-acetic acid mixture to form a colourless transparent sol. Upon drying, the corresponding 
powder was white and developed a slight yellow hue after annealing at 600 °C. Cu-TiO2   was prepared 
as follows. Copper nitrate (0.204 g) was dissolved in 150 ml of deionised water. This solution was added 
to the TIP-acetic acid mixture to form a light blue transparent sol. The corresponding powder was also 
light blue, which changed to a dark green [23] after annealing at 600 °C. In a typical experiment N,Cu-
TiO2 was synthesised as follows. Urea (0.177 g) and copper nitrate (0.204 g) were dissolved in 150 ml 
deionised water. This solution was added to the TIP-acetic acid mixture to form a light blue transparent 
sol.     
  
Glass slides were dip-coated and then air-dried by hanging vertically, allowing the sol to drain from the 
slide and dry slowly to form a TiO2 thin film. Glass bottles were coated by filling each bottle with the sol, 
emptying the bottle, and allowing it to dry at room temperature in an inverted position. Glass beads were 
coated by weighing a known quantity of the beads in a glass beaker and filling the beaker until the beads 
were completely immersed. The sol was then decanted from the beaker and the beads were dried at 
room temperature. The coatings were annealed in a furnace at 600 °C for 30 mins after the first coating 
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and at 600 °C for 2 hours after the second coating. The heating rate was 10 °C/min. The dip-coated glass 
microscope slides were annealed at 450 °C for 2 hours. After heat treatment, the glass-beads were 
washed thoroughly in isopropanol to remove any delaminated TiO2   
 
2.3 TiO2 Characterization 
X-ray photoelectron spectroscopy (XPS) analyses were performed on a Thermo VG Scientific Theta 
Probe spectrometer using monochromatic Alkα radiation (photon energy 1486.6 eV), [22] 
  
 
2.4 Photocatalysis study 
The photocatalytic activity of the coated bottles was determined by methylene blue degradation in the 
presence natural sunlight. The methylene blue test is now widely accepted for the determination of the 
photocatalytic activity of surfaces (ISO 10678:2010). In the field study, 250-ml coated and uncoated 
bottles were filled with 10
-5 
M methylene blue solution, capped, and placed horizontally on a concrete 
surface outdoors. Dye degradation was monitored by UV-vis spectroscopy (λmax = 664 nm). In all 
cases, the rate of degradation was assumed to obey pseudo-first order kinetics, and hence the rate 
constant for degradation, k, was obtained from a first order regression of absorbance vs. time 
(Equation 1). 
                                                            
                                                                                             (1) 
 
Where, A0 is the initial absorbance, A is the absorbance at time (t), and k is the pseudo-first order rate 
constant.   
 
2.5 Bacterial Inactivation Trials 
Bacterial inactivation trials were performed in glass bottles filled with phosphate buffered saline (pH 7.4, 
50 mM) and exposed to natural sunlight. Bottles were exposed with no covering or covered with 
kt
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envelopes made from a commercial UV-blocking window film (3M Corporation, St. Paul, MN), which 
eliminated wavelengths below 400 nm.  
  
E. coli K12 MG1655 and Enterococcus faecalis 29181 were grown in LB broth to concentrations of 10
9
 
colony forming units (CFU) per mL, centrifuged, washed, and re-suspended in sterile PBS at 
concentrations of approximately 10
6
 CFU/mL. These samples were then exposed to natural sunlight in 
glass bottles with or without TiO2 coatings. 
 
Samples were enumerated by standard plate count techniques. Briefly, aliquots were serially-diluted into 
sterile PBS and plated on M. E. coli agar (E. coli) and Slanetz and Bartley medium (Enterococcus) via the 
drop plate technique. Plates were incubated at 37 and 35 °C, respectively, for 24 h prior to enumeration. 
 
Laboratory bacterial inactivation trials were conducted using a 1000 W Diverging Beam, Xenon Arc Solar 
Simulating Lamp (Oriel Corp. Stratford, CT, USA) fitted with an Air Mass 1.0 solar filter designed to 
produce a spectrum similar to mid-day summer sunlight. Field trials were conducted at Plataforma Solar 
de Almeria (PSA) in southern Spain (37.5º N longitude x 2.3º W latitude) using natural sunlight.   Solar 
irradiance was measured using a Stellarnet BLK-R portable spectroradiometer (Stellarnet Inc., Tampa, 
FL, USA), and mean irradiance was approximately 450-500 W/m
2
 for natural sunlight experiments. 
 
3 Results 
 
Glass microscope slides were coated to investigate whether well-adhered thin films of anatase-phase 
TiO2 could be formed. The coating was found to be well-adhered even before heat-treatment and the 
adhesion (BS EN ISO 2409:2007) was further improved after the film was annealed at 450 °C. Raman 
spectroscopy was employed to confirm the presence and phase of the TiO2 thin film on glass slides [23-
25]. A Raman spectrum of a thin film annealed at 450 °C clearly shows four bands located at 141, 394, 
517 and 637 cm
-1
, characteristic of the anatase crystalline phase of TiO2 . XPS studies were carried out to 
determine whether nitrogen and copper were successfully doped into the TiO2 thin films. Both doped and 
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undoped powders and thin films on glass were characterized, and found to be identical except for extra 
peaks in the film due to silicon (Si2p), calcium (Ca2p), and chloride (Cl2p), which were present in the 
glass slide. The characteristic peaks of titanium (Ti2p), oxygen (O1s), and carbon (C1s) were observed in 
all samples. Copper in the (+2) oxidation state (Cu2p3/2), was readily observed in all Cu-containing 
samples , showing that copper was successfully doped into the photocatalyst. In contrast, N was found in 
such small quantities that it is difficult to determine whether it behaved as a dopant or as an adventitious 
contaminant. 
 
3.1.1   
Under sunny, clear conditions, uncoated and coated bottles were filled with MB solution and exposed 
outdoors in sunlight for six hours. The experimental results are shown in Figure 6. The coated bottles 
produced increased degradation of the dye compared to the uncoated bottles, as shown by UV-vis 
measurements at 664 nm (Figure 1 (a) and (b)). After six hours, complete decolouration was observed in 
the coated bottles, whereas visible colour remained in the uncoated bottles. The kinetic data again 
showed a dye degradation rate in the coated bottles that was just over twice that observed in the 
uncoated containers, as shown in Figure 1 (d). Significantly, the doped TiO2 coated bottles showed no 
increase in MB degradation over undoped titania. 
 
 
3.2 Bacterial inactivation 
 
3.2.1  Solar irradiation 
E. coli and Enterococcus faecalis bacteria were rapidly inactivated by natural sunlight in the presence and 
absence of titania photocatalysts. Undoped titania slightly accelerated the inactivation of E. coli, while 
Enterococcus was inactivated at approximately the same rate under both conditions (Figure 2 a, b). Both 
species were inactivated most rapidly in the presence of TiO2 doped with copper (doping ratio = 1%), and 
most slowly in the presence of N-doped TiO2 (with no Cu). Figure 2(a) shows that the last culturable E. 
coli sample was taken from the Cu (1%) bottle at the 1 hour time point. All subsequent samples taken 
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from this container were below the detection limit (1 CFU/100ml.) and consequently not plotted. This total 
inactivation occurs 20 minutes earlier than was observed for all the other containers in this experiment. In 
the presence of undoped titania and TiO2 doped with N (3.5%) and N/Cu (3.5%/1%), both bacteria were 
inactivated at approximately the same intermediate rate as in the absence of a photocatalyst (Figure 3a, 
b). No E. coli or Enterococcus inactivation was observed in dark control bottles.  
 
3.2.2 Natural sunlight without UV 
 
E. coli and Enterococcus were also inactivated by natural sunlight in the absence of UV wavelengths, 
albeit more slowly (Figure 2 c, d;). Undoped and N-doped (with no Cu) TiO2 did not accelerate the 
inactivation of either organism. E. coli appeared to be inactivated slightly more rapidly in the presence of 
Cu-doped TiO2 than in the presence of undoped TiO2 or no photocatalyst. No difference was observed for 
Enterococcus faecalis (Figure 2d) between inactivation in the presence of Cu-doped TiO2 vs. no catalyst, 
while inactivation appeared to proceed slightly more slowly in the presence of undoped and N-doped TiO2 
(with no Cu). No E. coli or Enterococcus faecalis inactivation was observed in any dark control bottles. 
 
3.2.3 VLAT-coated beads 
E. coli and Enterococcus were inactivated by natural sunlight at the same rate in the presence of 
uncoated and undoped TiO2-coated 3-mm glass beads. Inactivation proceeded slightly more rapidly in the 
presence of Cu/N-doped TiO2 glass beads (Figure 3 a, b). In the absence of UV wavelengths, the 
enhancement produced by the Cu/N-doped beads was more pronounced for both organisms, while E. coli 
were inactivated more slowly in the presence of undoped TiO2-coated beads than in the presence of 
uncoated beads, whereas Enterococci were inactivated at the same rate under the latter two conditions 
(Figure 3 c, d). No E. coli or Enterococcus inactivation was observed in any dark control bottles. 
 
4 Discussion 
The more rapid decolouration of methylene blue in the presence of titania films is consistent with the 
widely reported photocatalytic properties of TiO2. In presence of the solar light irradiation, methylene blue 
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can be degraded by three different routes a) photolysis or photo-bleaching 2) photosensitization and 3) 
photocatalysis. Methylene blue can undergo photolytic degradation without a photocatalyst; irradiated 
methylene blue forms an excited state and can transfer electrons to molecular oxygen, producing 
superoxide ions, which contribute to the degradation of the dye. In the presence of a semiconductor 
photocatalyst, photosensitized degradation occurs when excited electrons from irradiated dye molecules 
move to the conduction band of titania photocatalysts and then react with oxygen to form superoxide 
anions, which in turn degrade the dye. The photosensitization reaction is generally independent of the 
dopants or band gap of the material used, as the reaction is directly occurring at the conduction band. 
Briefly: the absorption of a photon with energy greater than the band gap of the semiconductor excites a 
valence band electron to the conduction band (e
-
CB), generating a positive hole in the valence band (h
+
VB).   
 
TiO2 + hv → h
+
VB + e
-
CB       (1) 
 
Positive holes generated by light become trapped by surface-adsorbed H2O, which is oxidized by h
+
VB, 
producing H
+
 and 
•
OH radicals.   
 
  
H2O + h
+
VB → 
•
OH + H
+
      (2) 
O2 + e
-
CB → O2
•-
       (3) 
 
 
Hydroxyl radicals and superoxide anions produced by the photocatalytic process (equations 1 to 3) 
oxidize the majority of organic compounds until complete mineralization is achieved [4]. In addition to the 
super oxide anions, hydroxyl radicals, singlet oxygen will also be formed). Oxygen has two singlet excited 
states above the triplet ground ones [4]. It was reported that the photocatalytic inactivation of E. coli did 
not involve the hydroxyl radical production [9]. The hole, produced by the visible light irradiation, in the 
mid-gap levels (induced by doping) will not have the sufficient redox potential to oxidize organic 
molecules such as methylene blue. The formation of singlet oxygen, a less oxidative, reactive oxidation 
species was reported to be responsible for the bacterial decontamination [9].   
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Hermann et al suggested the decomposition of methylene blue leads to the conversion of organic carbon 
into harmless formation of gaseous CO2 and that of nitrogen and sulfur heteroatoms into inorganic ions. 
For example the proposed full degradation of methylene blue can be explained as in equation (4).  
 
                                                Photocatalysis (TiO2) 
C16H18N3SCl + 25.5 O2                                                              16 CO2 + 6 H2O+ HCl + H2SO4 
+ 3 HNO3                (4) 
 
The enhanced inactivation of E. coli and Enterococcus faecalis in the presence of Cu-doped titania may 
be due to the visible light activity of this photocatalyst, to the anti-microbial properties of copper atoms at 
exposed surfaces, or to other attributes of the material. It is interesting to note that while 1% Cu enhanced 
bacterial inactivation, 1% Cu + 3.5% N did not, perhaps because the 1% Cu-doped catalyst showed 
increased visible light absorption compared to the co-doped 1% Cu/3.5% N-doped catalyst (Figure 4). 
This suggests that the co-doped catalysts in this study were not optimized, and that N atoms in the lattice 
may have acted as recombination centers for photogenerated electrons and holes. This is similar to the 
findings of Song et al. [21], who observed decreased photocatalytic activity (dye degradation) when 
doping levels were above or below the optimal ratio.  
 
While Cu-doped TiO2 films accelerated E. coli inactivation in the absence of UV wavelengths, implying 
visible-light activity, N-doped films either did not exhibit such activity or else this activity was outweighed 
by other effects that reduced observed bacterial inactivation rates. 
 
The rapid inactivation of E. coli and Enterococcus faecalis in the presence of doped and undoped titania-
coated beads may be due to the fact that, unlike in coated bottles, light absorption occurred on the 
surface of the catalyst in contact with the media. Another contributing factor may be the increased 
surface-area-to-volume ratio of the glass bead substrate relative to coated bottles, and to the 
consequently shorter mean distance between target microorganisms and illuminated photocatalytic 
surfaces. The observation that Cu/N-doped TiO2 accelerated inactivation when coated on glass beads but 
not when coated on the internal surface of glass bottles may also indicate that any reactive species 
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produced at Cu/N-doped photocatalytic surfaces are short-lived and can only diffuse short distances (on 
the order of μm), and that bacterial inactivation by such species may thus be transport-limited. H2O2 and 
O2•
-
 are important reactive oxygen species that might plausibly have a mean diffusion distances on this 
length scale [30]. Bacterial cells may also adhere to catalytic surfaces, magnifying the effects of short-
lived radical species [31]. The observation that Cu/N-doped TiO2-coated beads accelerated E. coli 
inactivation in the absence of UV wavelengths, while the same photocatalyst coated on the inside of a 
glass bottle did not, suggests that this coating may possess significant visible light activity with the 
capacity to inactivate microorganisms at short diffusion distances.  
 
Under static conditions (without mixing) over several hours, there is a possibility that microorganisms 
settle to the bottom of the bottles. In the glass beads, this settlement would take place over more TiO2 
surface, favouring the inactivation process. However the authors (KMcG) have previously searched for 
this microbial settling effect within solar disinfection bottles and have found no evidence to support its 
existence. The absence of settling probably results from convective mixing established within the liquid 
during exposure. 
 
By contrast, the enhanced inactivation of bacteria in 250-mL bottles coated with Cu-doped titania may 
indicate a greater diffusion distance of one or more reactive species produced by this photocatalyst. 
Based on the observed efficacy of bottles coated with titania doped only with 1% copper, future studies of 
glass beads and other media coated with this photocatalyst are warranted.  
 
Standard borosilicate glass is opaque to UVB but has higher UVA transmittance than PET plastic. The 
lower UVA transmittance of PET is balanced by the thinner wall thickness in the plastic bottles such that 
overall UVA transmittance of glass and PET bottles are toughly similar [32].  Since the baseline rate of 
methylene blue degradation by natural sunlight is relatively low, the photocatalytic degradation of this 
compound was observed and quantified with reasonable accuracy during these trials. However, the high 
baseline inactivation rates of bacterial indicators in the presence of solar UV light makes it more difficult to 
observe small enhancement effects due to photocatalytic coatings, particularly to the extent that these 
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coatings may screen germicidal wavelengths while simultaneously damaging bacteria via photocatalytic 
mechanisms. Thus, coatings which did not significantly enhance bacterial inactivation rates in this study 
may nonetheless possess some antimicrobial efficacy that was not quantified in this work. It should also 
be noted that results of anti-bacterial studies and photocatalysis studies don’t complement each other. 
After Ryu et al’s work [33], it is now accepted that photocatalytic activities are roughly correlated only with 
respect to the degradation of structurally related compounds. Thus, the the Cu- and Cu/N-doped titania 
thin films studied in this trial appear to be the most promising candidates for future study and water 
treatment applications. . 
 
5 Conclusion 
In this work, robust, transparent titania thin films were deposited by a sol-gel method. Bottles coated with 
these films and annealed at 600 °C were found to degrade methylene blue more rapidly than uncoated 
bottles in field trials. However, N-doped  titania photocatalytic coatings did not show increased MB 
degradation rates compared to undoped titania. By contrast, Cu and N-doped-doped  photocatalyst-
coated bottles appeared to demonstrate improved bacterial photoinactivation relative to undoped titania, 
and these effects appeared to persist in the absence of UV wavelengths. 
 
Cu- and Cu/N-doped titania thin films showed potential for the degradation of microbiological and 
chemical contaminants in the presence of visible light or sunlight in these trials. The former appeared to 
accelerate the inactivation of indicator bacteria when coated on the inside of glass bottles, while the latter 
only proved effective when coated on 3-mm glass beads. Applications of such thin film VLAT 
photocatalysts to the treatment and remediation of drinking water, groundwater, and wastewater, as well 
as to clinical and emergency settings, appear to merit further exploration and study. 
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FIGURE CAPTIONS 
 
 
 
Figure 1. Photodegradation results in natural sunlight at PSA. (a) Absorption spectra of dye degradation 
as a function of time in an uncoated bottle (b) Absorption spectra of dye degradation as a function of time 
in a TiO2-coated bottle (c) Photograph of uncoated and TiO2-coated bottles containing dye after 6 hours in 
natural sunlight (d) Kinetic data of photodegradation in uncoated and TiO2-coated bottles 
 
Figure 2. Inactivation of E. coli and Enterococcus faecalis by natural sunlight in glass bottles with or 
without UV-blocking film in the presence and absence of undoped TiO2 thin films and films doped with  N 
(with no Cu) or 1% Cu. (a) E. coli, sunlight (b) Enterococcus, sunlight (c) E. coli, no UV (d) Enterococcus, 
no UV.  
 
Figure 3, Inactivation of E. coli and Enterococcus faecalis by natural sunlight with or without UV-blocking 
film in the presence and absence of 3-mm glass beads coated with undoped TiO2 thin films and films 
doped with 1% Cu/3.5% N. (a) E. coli, sunlight (b) Enterococcus, sunlight (c) E. coli, no UV (d) 
Enterococcus, no UV  
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